A protein complex, consisting of a 17-kilodalton (kDa) nuclease and an 18-kDa protein, is believed to be involved in the binding and entry of donor DNA during transformation of Bacillus subtilis (H. Smith, K. Wiersma, S. Bron, and G. Venema, J. Bacteriol. 156:101-108, 1983 
Bacillus subtilis competence is associated with the synthesis of a specific set of proteins. Some of these are assumed to be involved in the binding, the entry, and the subsequent integration of the donor DNA (1, 6, 17, 25) .
Binding and entry of donor DNA were reported to be governed by a 75-kilodalton (kDa) protein complex (26, 27) . This complex consists of two subunits of the DNA-entry nuclease, with a molecular mass of 17 kDa, and two subunits of an 18-kDa protein. Mutants which lacked the protein were found to be DNA binding deficient, suggesting that this protein is involved in DNA binding (25) . In vitro experiments showed that only the total complex was capable of binding single-stranded, as well as double-stranded, DNA (28) . No DNA binding was observed with the purified 18-kDa protein (28) .
Four competence-deficient mutants, mapping in different chromosomal regions, have been characterized (7) . Three of these appeared to be DNA binding deficient. Protein analysis showed that one of the three DNA binding-deficient mutants still produced the 18-kDa protein, as well as the 17-kDa nuclease (1) , suggesting that, in addition to the 75-kDa protein complex, other proteins are essential for DNA binding and DNA entry. In addition, it has been reported that a 38.5-kDa competence-specific protein capable of binding double-stranded DNA can be isolated from B. subtilis (8) .
Nucleases involved in the entry of donor DNA into competent Streptococcus pneumoniae and B. subtilis cells were identified previously (17, 22 cation of at least three competence-specific nuclease activities in B. subtilis, with apparent molecular masses of 14, 17, and 28 kDa (1, 16, 17) . It has been suggested that the 14-kDa nuclease is derived from the 17-kDa polypeptide (27) , which is part of the 75-kDa protein complex referred to above, and that the 28-kDa nuclease is a dimer of the 14-kDa nuclease (27) .
In a previous paper, we have reported on the cloning, in Escherichia coli, of a 700-base-pair (bp) PstI-EcoRI DNA fragment encoding 14-and 17-kDa nuclease activities (32) . In the present paper, we report the nucleotide sequence of the gene encoding the DNA-entry nuclease, as well as that of the 18-kDa protein. We also describe the construction and characterization of mutants deficient in the 14-and 17-kDa nuclease activities, as well as the 18-kDa protein.
MATERIALS AND METHODS
Bacterial strains. The bacterial strains used are shown in Table 1 .
Media. Minimal medium for B. subtilis consisted of Spizizen minimal salts (29) , supplemented as previously described (25) . Starvation medium consisted of minimal salts plus 0.5% glucose. Minimal agar consisted of minimal salts supplemented with the required growth factors and 1.5% agar. TY medium and TY agar were prepared as previously described (2) .
Chemicals. Chemicals used were of analytical grade and were obtained from E. Merck AG (Darmstadt, Federal Republic of Germany) or BDH (Poole, England). Restriction enzymes, T4 DNA polymerase, and T4 DNA ligase were used as recommended by the manufacturer (Boehringer GmbH, Mannheim, Federal Republic of Germany).
Purification of DNA. B. subtilis chromosomal DNA was purified from strain OG1 as previously described (30) . Radio- (11) . EMBL465/1 DNA was purified as previously described (9) .
Transformations. E. coli was made competent and transformed as described previously (14) . B. subtilis cells were made competent essentially as described by Bron and Venema (4) .
Southern hybridization. DNA was transferred to GeneScreen-Plus membrane as described by Maniatis et al. (15) . Probes were nick translated with [a-32P]dCTP according to Rigby et al. (19) . Hybridization was performed as recommended by the supplier of the GeneScreen-Plus (NEN Research Products GmbH, Dreieich, Federal Republic of Germany).
Preparation of lysates from E. coli. Lysates were prepared as previously described (32) . Protein concentrations were determined as previously described (3), with bovine serum albumin as a standard.
Isolation of membrane vesicles. Membrane vesicles were isolated from the wild-type and mutant strains essentially as described previously (12) . Membranes were finally suspended in 10 mM Tris hydrochloride (pH 7.5) and stored at -20°C until use. Protein concentrations were measured as described by Bradford (3) , with bovine serum albumin as a standard.
PAGE. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed on slab gels according to Laemmli (13) . Two-dimensional gel electrophoresis. Proteins were separated in the first dimension by isoelectric focusing, as described by O'Farrell (18) under conditions described by Smith et al. (25) . The second dimension (SDS-PAGE) was performed on slab gels as described by Laemmli (13) .
Labeling of cellular proteins with [35S]methionine. Labeling was performed under conditions described previously (25) .
Fluorography. The procedure used for fluorography was previously described (24) .
Total association, entry, and breakdown of transforming DNA. These quantities were essentially determined as described by Mulder and Venema (16) .
Detection of nuclease activity after gel electrophoresis. The method used was essentially as described by Rosenthal and Lacks (21) . SDS-PAGE was performed on a 15% gel. In the separation gel, 10 p,g of calf thymus DNA per ml was incorporated. After electrophoresis, the gel was washed in distilled water for 1 h (one change), followed by 2 h of Sanger (23) , with universal 17-mer M13 primer. For internal priming, 17-mer primers were synthesized on the basis of the nucleotide sequence determined with the universal primers.
Construction of mutant 8G370. For the construction of this B. subtilis mutant, deficient in the formation of the 14-and 17-kDa nuclease activities, we used a derivative of pGV290. Plasmid pGV290 (Fig. 1) was obtained by cloning into pGV1 of a HindIII-EcoRI DNA fragment of lambda phage EMBL 465/1, which hybridized to pGV211 (32) . The mutant was constructed in the following way. First, the pWVO1 replication origin of plasmid pGV290 (carrying the nuclease gene [ Fig. 1]) was fortuitously removed when pGV290 was cleaved with ClaI and ligated into AccI-cleaved pUC7 (31) , and E. coli JM83 was transformed with the ligation mixture. The Kmr Apr transformants appeared to carry pUC7 containing the ClaI-EcoRI part of pGV290, carrying the Kmr gene. This plasmid, designated pGV330, resulted in all probability from recombination between the lacZ sequences present in pGV290 (to the left of the EcoRI site) and the same sequence in pUC7, which should be present as a direct repeat flanking the EcoRI-ClaI fragment of pGV290, carrying the pWVO1 replicative origin, in the fused replicons. Because of the symmetry of the pUC7 multiple cloning site, the ClaI-EcoRI fragment of pGV290 (encoding kanamycin resistance and nuclease activity) thus became contained in an EcoRI fragment.
Next, the continuity of the nuclease gene on pGV330 (Apr Kmr) was interrupted by inserting the Cmr gene of pC194 (10) 7-bp deletion, because two BalI sites are present in the nuclease gene. To this purpose, pC194 was digested with Dral (these sites flank the Cmr gene) and blunt end ligated into the BalI site of pGV330. Cmr Apr transformants of JM83 were selected. One of the transformants contained a plasmid which carried a'1,300-bp insert conferring resistance to chloramphenicol. This plasmid, designated pGV370, was cleaved with EcoRI and was used to transform competent cells of B. subtilis 8G5. The plasmid was treated with the restriction enzyme to prevent integration by a Campbell-like mechanism. Cmr Kms transformants were obtained. These transformants must have arisen from replacement recombination in which the cross-over events took place between the plasmid-carried chromosomal DNA sequences flanking the Cmr marker and the resident chromosome. The mutant was designated 8G370.
Construction of plasmids used. The plasmids shown in Fig.  2 were constructed in the following ways: to obtain plasmid pGV199, the previously described plasmid pGV191 (32) was cleaved with PstI and ClaI, and the 2,100-bp PstI-ClaI fragment, containing the genes encoding the DNA-entry nuclease and the 18-kDa protein, was ligated into PstI-Acclcleaved pUC9 (31) . This places the genes under transcriptional control of the lacZ promoter of pUC9. Plasmid pGV210 was previously described (32); it only encodes the DNA-entry nuclease which is expressed under control of the lacZ promoter. Plasmid pGV250 was obtained by ligation of the EcoRI fragment of pGV199 in the same relative orientation as that of pGV199 into EcoRI-cleaved pUC9. Directly adjacent to the ClaI-AccI fusion point, pGV199 contains the EcoRI site of the multiple cloning site of pUC9. Plasmid pGV282 was obtained by deleting the PstI-SacII fragment from pGV199. For this purpose, PstI-SacII-cleaved pGV199 was treated with T4 DNA polymerase prior to ligation.
RESULTS
Cloning in E. coli of the gene encoding the 18-kDa protein.
We have previously reported on the cloning of a chromosomal PstI-ClaI fragment of 2,100 bp in plasmid pHV60, resulting in plasmid pGV191. This plasmid contained a 700-bp PstI-EcoRI fragment encoding the 14-and 17-kDa DNA-entry nucleases (32) .
The 2,100-bp PstI-ClaI fragment was inserted into plasmid pUC9, resulting in plasmid pGV199 (Fig. 2) . Furthermore, pUC9 derivatives were made containing the SacII-ClaI fragment'and the EcoRI-ClaI fragment from pGV191. These are the plasmids pGV282 and pGV250, respectively (Fig. 2 ). E. coli JM83 was transformed with these plasmids. Lysates of these transformants were analyzed by SDS-PAGE. In lysates prepared from cultures containing pGV199 and pGV282, an intense protein band at the 18-kDa position was detected, which was absent in lysates prepared from cultures containing pUC9 and pGV250 (results not shown). This suggests that, in addition to the gene specifying the nuclease activity, the 2,100-bp fragment also contains the coding sequence of the 18-kDa protein, and that the EcoRI site is located within the coding region of this protein. Further analysis showed that both the nuclease activities and the 18-kDa protein were encoded by the 900-bp PstI-HindIII fragment (results not shown).
Nucleotide sequence analysis. To determine the nucleotide sequence of the DNA fragment encoding the 14-and 17-kDa nucleases, as well as the 18-kDa protein, the 700-bp PstIEcoRI fragment of plasmid pGV199 was cloned in M13mp18 and M13mpl9 (33) . This fragment encodes the 14-and 16, 194 Da, which is probably the 17-kDa DNA-entry nuclease. Although the reading frame that is supposed to encode the 17-kDa nuclease is open to the 5' end of the DNA sequence suggested, it is unlikely that this region of DNA contains 17-kDa protein-encoding sequences, because this should have been evident from the molecular weight of the DNAentry nuclease.
In the same frame, there is a possibility for a secondary translational start at position 156 (GTG). When this start would be used, a protein of 13,367 Da would -be produced, which might correspond to the 14-kDa nuclease.
The second open reading frame starts at position 418 and ends at position 813. This frame can-encode a protein of 14,980 Da, which possibly represents the 18-kDa protein.
Experiments supporting this view are presented in a subsequent section of this paper.
The ribosome-binding sites preceding the genes encoding the nucleases are relatively weak as compared with several other ribosome-binding sites in B. subtilis, which might explain the relatively weak expression of the genes. This is in contrast to the ribosome-binding site preceding the gene encoding the 18-kDa protein, which is synthesized in large amounts in competent cells.
Construction and characterization of a B. subtilis deficient for the 14-and 17-kDa nucleases. To examine the contribution of the nucleases to transformation, a strain was constructed in which the nuclease gene was interrupted. For the construction of this mutant, plasmid pGV370, in which the coding sequence of the nuclease gene had been interrupted at the BalI site (Fig. 3) by insertion of the Cmr gene, was used. The construction of the plasmid is described in Materials and Methods. Transformation of B. subtilis with EcoRIcleaved pGV370 yielded strain 8G370. Figure 4 shows the relevant part of the chromosome of the wild-type strain OG1 and the expected genetic structure of the mutant. The Figure 6 shows that these activities were not detectable in the mutant. However, when 100 ,ug of protein was applied to the gel, after prolonged incubation (3 days), a nuclease band was visible just above the position of the 17-kDa nuclease band. This nuclease migrated to a different position on a two-dimensional nuclease detection gel, suggesting the presence of a different nuclease (results not shown).
We also examined mutant 8G370 for the presence of the 18-kDa protein. Two-dimensional gel electrophoresis (isoelectric focusing PAGE) was performed on total extracts of [35S]methionine-labeled competent cultures. The results (Fig. 7) show that the mutant also lacked the 18-kDa protein. This might suggest that the genes specifying the nucleases and 18-kDa protein are part of one operon. Southern hybridization was performed to verify whether the Kmr gene was inserted in the correct way into the chromosome. Figure 4 shows the genetic structure of the relevant part of the wild type and that expected for the mutant chromosome. The result of the Southern hybridization (Fig. SB) cells subjected to the standard competence regimen showed that the 14-and 17-kDa nucleases involved in the entry of donor DNA were present in amounts similar to those present in the wild type (results not shown).
The fact that insertion of the Kmr gene in the EcoRI site (see Fig. 3 ) resulted in the absence of the 18-kDa protein is consistent with the hypothesis that the second open reading frame specifies the 18-kDa protein. a The transformation frequency was calculated from four independent experiments. Total association, entry, and breakdown data were from duplicate experiments.
b-e Footnotes as defined for Table 2 .
The data presented in Table 3 show that, although the mutant transformed less than the wild type (residual transforming activity of approximately 25%), the total DNA association, DNA entry, as well as breakdown of transforming DNA were hardly affected by the absence of the 18-kDa protein. The differences between the data concerning the binding, entry, and breakdown for the wild type in Tables 2  and 3 originate from the use of different DNA preparations.
Effect of the 18-kDa protein on the nuclease activity. Since the mutant was only moderately reduced in transformation, the question can be raised what the function of the 18-kDa protein could be. As shown above, it does not seem to be involved in the binding of donor DNA to competent cells. The protein is only found in the competent fraction of a B. subtilis culture, and has been shown to be associated with the 17-kDa nuclease in membrane fractions (25, 26) .
Smith et al. (27, 28) have shown that addition of the purified 18-kDa protein to purified entry nuclease reduces the activity of the nuclease, which led them to speculate that the 18-kDa protein might modulate the nuclease activity. To investigate whether this inhibition occurred in E. coli carrying the genes encoding the nuclease and the 18-kDa protein, E. coli lysates were prepared from strains containing the plasmids shown in Fig. 2 . For this purpose, plasmid DNA was incubated for 30 min in the presence of crude lysates and subsequently analyzed by agarose gel electrophoresis. Figure 8A shows that in lysates prepared from JM83(pGV210), carrying only the nuclease gene, the added plasmid DNA was completely degraded. Lysates prepared from JM83 containing pGV199, which contained the intact nuclease gene in addition to the gene encoding the 18-kDa protein, did not show any plasmid degradation. Analysis of the lysates by SDS-PAGE using a DNA-containing gel (21) clearly showed the presence of nucleases in the lysates prepared from JM83 (pGV199) and JM83(pGV210) (results not shown). Apparently, the plasmid-encoded nuclease activity was completely inhibited in the lysate when E. coli also produced the 18-kDa protein. Experiments in which lysates were mixed showed similar results. When the lysate from JM83(pGV210) was mixed with lysates prepared from strains containing pGV199 and pGV282, no degradation was observed (Fig. 8B) . As mentioned before, these lysates contained a prominent 18-kDa protein. Figure 8 also nucleases is the result of an interaction between the nuclease and the 18-kDa protein, rather than being caused by general binding of the 18-kDa protein to the DNA, which also might result in protection against the nucleases.
DISCUSSION
The nucleotide sequence of the PstI-HindIII fragment revealed that there are two partially overlapping open reading frames on this fragment. The first one (from position 81 to 512) is presumed to encode the 14-and 17-kDa nucleases. This conclusion was drawn from the observation that the PstI-EcoRI fragment encodes nuclease activity in E. coli (32) , whereas the SacII-ClaI fragment of pGV282 does not (unpublished data), indicating that the SacII site (position 313 [ Fig. 3 (Fig. 3) suggest that both genes are organized in one operon. However, the possibility that the 18-kDa protein is quickly degraded in the absence of the nuclease cannot be excluded but seems unlikely, since in the absence of the 17-kDa nuclease, the 18-kDa protein is stable in E. coli lysates.
Just after the stop codon at position 816, an inverted repeat can be identified which may act as a rho-independent transcription termination signal (20) .
A mutation was created, by insertion of a Cmr gene into the BalI site, which abolished the 14-and 17-kDa nuclease activities. Nevertheless, the mutant still showed 5% residual transforming activity ( The results presented in this paper show that it is unlikely that the 18-kDa protein is involved in the binding of donor DNA to competent B. subtilis cells, as has been previously suggested (25) . A mutant exclusively deficient for the 18-kDa protein was perfectly capable of binding donor DNA (Table  3 ). The transformation frequency in this mutant was reduced to approximately 25% of that of the wild-type level. This suggests that, although the protein is not responsible for binding of DNA, it is to some extent involved in transformation. This is in accordance with the view that both the nuclease and the 18-kDa protein genes seem to be organized in an operon, and with the observation that the 18-kDa protein is competence specific (25) .
A possible role of the 18-kDa protein in transformation may be related to its capacity to inhibit the DNA-entry nuclease; it is conceivable that the uncontrolled action of the nuclease might degrade the DNA during internalization to such an extent that the resulting molecules are no longer optimally integrated in the resident chromosome (5) . This might explain the slightly reduced transformability of strain 8G206.
